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ABSTRACT 25 
Lake Butrint (39°47 N, 20°1 E) is a ca. 21 m deep, coastal lagoon located in SW 26 
Albania where finely-laminated sediments have been continuously deposited during the 27 
last millennia. The multi-proxy analysis (sedimentology, high-resolution elemental 28 
geochemistry and pollen) of a 12 m long sediment core, supported by seven AMS 29 
radiocarbon dates and 
137
Cs dating, enable a precise reconstruction of the environmental 30 
change that occurred in the central Mediterranean region during the last ~4.5 cal kyrs 31 
BP. Sediments consist of triplets of authigenic carbonates, organic matter and clayey 32 
laminae. Fluctuations in the thickness and/or presence of these different types of 33 
seasonal laminae indicate variations in water salinity, organic productivity and runoff in 34 
the lake’s catchment, as a result of the complex interplay of tectonics, anthropogenic 35 
forcing and climate variability. The progradation of the Pavllo river delta, favoured by 36 
variable human activity from the nearby ancient city of Butrint, led to the progressive 37 
isolation of this hydrological system from the Ionian Sea. The system evolved from an 38 
open bay to a restricted lagoon, which is consistent with archaeological data. An abrupt 39 
increase in mass-wasting activity between 1515 and 1450 BC, likely caused by nearby 40 
seismic activity, led to the accumulation of 24 homogenites, up to 17 cm thick. They 41 
have been deposited during the onset of finely laminated sedimentation, which indicates 42 
restricted, anoxic bottom water conditions and higher salinity. Periods of maximum 43 
water salinity, biological productivity, and carbonate precipitation coincide with warmer 44 
intervals, such as the early Roman Warm Period (RWP) (500 BC-0 AD), the Medieval 45 
Climate Anomaly (MCA) (800-1400 AD) and recent times (after 1800 AD). 46 
Conversely, lower salinity and more oxic conditions, with higher clastic input were 47 
recorded during 1400-500 BC, the Late Roman and the Early Medieval periods (0-800 48 
AD) and during the Little Ice Age (1400-1800 AD). Hydrological fluctuations recorded 49 
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in Butrint are in phase with most central and western Mediterranean records and 50 
correlate with NAO variability. In contrast, opposite hydrological patterns have been 51 
recorded in the Eastern Balkans and the Levant during the last millennium, emphasizing 52 
a complex spatial variability in the region. Phases of maximum settlement intensity in 53 
Butrint (Roman-Late Antique) coincide with warmer and/or stable climate periods (0-54 
800 AD and MCA, respectively), indicating a long-term influence of climatic conditions 55 
on human activities. The Late Holocene sedimentary record of Lake Butrint 56 
demonstrates the complex interplay of climate variability, tectonics and human impact 57 
in the recent evolution of coastal Mediterranean regions.  58 
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1. INTRODUCTION 59 
During its long history of human occupation, the Mediterranean Basin has 60 
experienced significant climate fluctuations with a particularly intense impact in the 61 
hydrological cycle (Fletcher and Zielhofer, 2013; Luterbacher et al., 2005). Thus, this 62 
region stands out as ideally suited to study the complex interactions between climate 63 
variability and human activities during the last millennia (Lavorel et al., 1998; Manning, 64 
2013; McCormick et al., 2012; Roberts et al., 2004), representing the two main factors 65 
to drive landscape evolution during the late Holocene (Anthony et al., 2014; Grove and 66 
Rackham, 2003).  67 
The Mediterranean coastal areas have been densely populated since prehistoric 68 
times, provided essential resources and acted as a natural communication link between 69 
the major cultural centres (Marriner et al., 2014). These areas are subjected to an 70 
increasing human pressure due to population growth and rising demand for marine 71 
resources (UNEP/MAP, 2012) and are threatened by sea level rise in the context of 72 
Global Change (Giorgi and Lionello, 2008). Thus, a more detailed knowledge of how 73 
climate and ecosystems – including human societies – interacted in the past during 74 
phases of environmental change is essential to develop sound adaptation and mitigation 75 
policies in these areas. 76 
Sea level rise affected the Mediterranean coastal lowlands by the Holocene 77 
marine transgression and led to the formation of inlets, embayments and lagoons 78 
(Avramidis et al., 2013). Sediments deposited in these coastal lagoons provide archives 79 
of Holocene environmental change, driven by a complex interplay of climate variability, 80 
sea level fluctuations, occasional seismic activity (Vött, 2007; Vött et al., 2009) and 81 
human impact (Devillers et al., 2015; Koutsodendris et al., 2015). However, 82 
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investigated coastal sites in the central and Eastern Mediterranean region are relatively 83 
scarce (e.g., Lake Shkodra, Albania (Zanchetta et al., 2012); Amvrakikos Lagoon, 84 
Greece (Avramidis et al., 2014); Patria Lagoon, Italy (Sacchi et al., 2014); Larnaca salt 85 
lake, Cyprus (Kaniewski et al., 2013) and Syrian coastal plains (Kaniewski et al., 2008) 86 
among others (Di Rita and Magri, 2012)) and, if we exclude ancient ports (Marriner and 87 
Morhange, 2007; Sadori et al., 2015a), most of the paleoenvironmental information 88 
comes from marine cores far offshore and from continental records recovered at 89 
highland areas, often subjected to moister and/or colder conditions (Roberts et al., 90 
2008). 91 
Marine records from the Mediterranean region have widely documented the 92 
impact of intra-Holocene high-frequency climate variability (Desprat et al., 2013; 93 
Rohling et al., 2002). Temperature fluctuations that occurred during the last 2 ka, 94 
responding to traditionally identified intervals such as the Medieval Climatic Anomaly 95 
(MCA) (950 to 1350 AD) and the Little Ice Age (LIA) (1500 to 1850 AD), with global 96 
temperatures above or below average, respectively (Mann and Jones, 2003; Osborn and 97 
Briffa, 2006). Continental sequences from the Balkans (e.g., lakes Ohrid (Lacey et al., 98 
2014), Prespa (Leng et al., 2013), Dojran (Zhang et al., 2014)), Anatolia (Fleitmann et 99 
al., 2009; Jones et al., 2006; Woodbridge and Roberts, 2011) and the Levant (Bar-100 
Matthews et al., 2003; Migowski et al., 2006a) have recorded a consistent millennial-101 
scale response to a Late Holocene aridification trend within a framework of variable 102 
human impact. However, contrasting hydrological patterns have been found locally 103 
within this region at shorter timescales during the last millennium (Roberts et al., 2012). 104 
Thus, more records from coastal regions are needed to understand Late Holocene 105 
environmental changes that occurred in response to climate variability and human 106 
impact. 107 
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In this study, we investigate a continuous, laminated and high-resolution 108 
sedimentary sequence recording environmental change that occurred in the central 109 
Mediterranean region during the last ~4.5 cal kyrs BP. We performed a multi-proxy 110 
analysis of sediment cores recovered from Lake Butrint (Albania) comprising 111 
sedimentologic studies, high-resolution elemental geochemistry, pollen and biogenic 112 
silica. Previous studies (Ariztegui et al., 2010) demonstrated the potential of this 113 
sequence as an archive of climate variability, human impact and tectonic activity in the 114 
region for the last 300 years. The outstanding archaeological sequence of the ancient 115 
city of Butrint, located on a peninsula surrounded by the lake waters and continuously 116 
occupied since the 6
th
 century BC by Greeks, Romans, Byzantines, Venetians and 117 
Ottomans, offers a unique opportunity to discuss the complex interactions between 118 
landscape changes and human activities. The paleoenvironmental record of Lake Butrint 119 
shows the long-term influence in the sedimentary budget of the lake of 120 
geomorphological changes in the catchment that have been modulated by both tectonics 121 
and human impact. Along with the short-term impact of climate variability, they are the 122 
main drivers of environmental change in Mediterranean coastal areas. The 123 
multidisciplinary approach used in this research, together with the finely laminated 124 
nature of the sequence, allows a precise identification of the main sediment components 125 
associated with different sources and forcing mechanisms, which serve as the agents for 126 
environmental reconstructions. Furthermore, the correlation of the reconstructed 127 
hydrological fluctuations with other records from the Western and Eastern 128 
Mediterranean region suggests a large spatial variability and climatic teleconnections 129 
during certain key intervals.  130 
2. REGIONAL SETTING 131 
2.1 Geographical and geological setting 132 
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 Lake Butrint (39°47 N, 20°1 E) is the southernmost lagoon of the Albanian coast 133 
of the Ionian Sea (Fig. 1A), ~5 km north of the Greek Border. It is surrounded by the 134 
Vurgu Plain to the north, the Mile Mountains to the east, the Vrina Plain to the south 135 
and the Ksamili Peninsula to the west (Tsabaris et al., 2007) (Fig. 1B). The lake basin 136 
occupies a N-S extending graben structure formed during the Pleistocene, which has 137 
experienced subsidence until recent times and was invaded by Mediterranean Sea water 138 
during the Holocene transgression (Aliaj et al., 2001; Meco and Aliaj, 2000). This 139 
subsidence led to submerged archaeological Roman and post-Roman remains occurring 140 
today below the current water table in the nearby archaeological site of Buthrotum 141 
(Lane, 2004).  142 
The bedrock of the lake basin is composed of: i) mid Jurassic to mid Cretaceous 143 
limestones, outcropping at the Ksamili Peninsula and the southern part of the Milë 144 
Mountain and ii) Paleocene flysch at the northeastern areas of the lagoon (Tsabaris et 145 
al., 2007). Butrint is located near the European plate–Adriatic microplate boundary, in 146 
one of the most tectonically active regions of the Mediterranean Basin (Meco and Aliaj, 147 
2000; Muço, 1995). Ariztegui et al. (2010) have previously interpreted homogeneous 148 
layers within a laminated sequence covering the last ~300 years as earthquake-induced 149 
mass-wasting events, coinciding with the historically reported events of 1794, 1811, 150 
1872 and 1917 AD. 151 
2.2. Climate and vegetation 152 
Climate conditions in the region are of Mediterranean type, with a relatively 153 
high total annual rainfall ~1500 mm per year, mostly occurring between November and 154 
March, and a dry summer season. Mean monthly temperatures range from 9.7 ºC in 155 
January to 25.1ºC in August. Southern winds dominate during winter and fall whereas 156 
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Northern winds prevail during spring and summer (Lane, 2004). Similarly to other areas 157 
of the central and eastern Mediterranean Basin, long-term rainfall variability is mostly 158 
related to the North Atlantic Oscillation (NAO) and the Eastern Atlantic pattern (EA) 159 
(Lionello et al., 2006). 160 
 Vegetation in the surroundings of the lake is highly diverse. Mediterranean 161 
maquis occurs mainly in Ksamili Peninsula and in the hills southeast to the lake and is 162 
mostly composed of Quercus coccifera and minor proportions of Q. Ilex, Fraxinus 163 
ornus, Pistacia lentiscus, Phlomis fruticosa, Colutea arborescens, Phillyrea media, etc. 164 
Small woodland patches occur at the southern and eastern slopes of Sotires Mountain 165 
and within the archaeological site, mostly dominated by Ulmus minor, Fraxinus 166 
angustifolia, Quercus robur, Populus alba and in some cases, Laurus nobilis and 167 
Quercus Ilex. The Vrina Plain area, currently subjected to high salt concentrations and 168 
frequent winter flooding, is dominated by halophytic vegetation (Arthrocnemum sp., 169 
followed by Juncus sp. and Tamarix sp.). In contrast, typical freshwater marsh 170 
vegetation occurs at the northern part of the lake, mainly composed of Phragmites 171 
australis, Typha latifolia and other species, such as Scirpus lacustris and S. maritimus. 172 
Finally, saltmarshes, dominated by glassworts with patches of tamarisk and sea aster, 173 
occur as a narrow strip along the south shore of the lagoon, at the mouths of Vivari 174 
channel and River Pavllo. Underwater meadows of Zostera nolti cover 40-50% of the 175 
total surface of the bottom of the lagoon, accompanied by Ruppia cirrhosa at deeper 176 
areas. The aquatic macrophyte communities in the northern, shallow areas of the lagoon 177 
are dominated by Potamogeton spp., Myriophyllum spicatum, Nuphar lutea, and 178 
occasionally by associations of Chara spp. Algal vegetation changes according to 179 
salinity and depth (Chaetomorpha linum, Cladostephus verticillatus, Sania rubens, 180 
Cystoseria sp. etc.) (ASPBM, 2010; Ramsar, 2003). 181 
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2.3. Lake’s hydrology and limnology  182 
Butrint is the largest of a series of lagoons along the southernmost part of the 183 
Albanian coast and is the only one connected to the Ionian Sea. This connection, the 184 
Vivari Channel, is 3.6 km long, 60-100 m wide and up to 6 m deep. The Bistrica River 185 
in the North, Milë Mountain in the west and the Pavllo River in the south define the 186 
catchment area of the lake (Fig. 1B). Freshwater input into the lake is mainly derived 187 
from the Bistrica River and its tributary Kalasa in the northern area, and the Pavllo 188 
River and irrigation channels in the Vurgu and Vrina plains (ASPBM, 2010). In 189 
addition, the small creeks and springs located at the eastern part of the catchment (Milë 190 
Mountains) and Lake Bufi (2.4 m maximum water depth) (Lane, 2004) provide 191 
freshwater (Negroni, 2001). Saline waters from the Ionian Sea can occasionally enter 192 
into the lake through the Vivari Channel (Fig. 1) during intervals of particularly high 193 
tides. The area is currently subjected to microtidal influence with a tidal range of 30 cm 194 
(Ariztegui et al., 2010; Hounslow and Chepstow-Lusty, 2004; Negroni, 2001). Thus, 195 
freshwater along with occasional marine water input and output, and evaporation 196 
output, control variations in the lake’s water salinity. 197 




, with a 198 
mean and maximum water depths of 11.4 m and 21.4 m, respectively (Fig. 1C). Strong 199 
temperature and salinity gradients led to a meromictic lake with permanent water 200 
stratification (Negroni, 2001).  The upper ∼8 m have seasonal temperature variations 201 
between 14 and 25 °C, are oxic (8-9 mg/l) with salinity varying seasonally and laterally 202 
between 13 and 26 PSU and pH values ranging from 6.5 to 9.5. Below ∼8 m constant 203 
temperatures around 17 °C and, anoxic/sulfidic conditions with salinities ranging from 204 
30 to 36 PSU prevail (Negroni, 2001). The foot-shaped geometry of the lake, with a N-205 
S orientation of its main axis combined with the freshwater input mostly from the north 206 
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and eastern shores result in a rotational movement of surface waters (Negroni, 2001) 207 
(Fig. 1B). Vertical mixing of the water column is restricted to the epilimnion. H2S 208 
concentrations in the hypolimnion reach their maximum values near to the lake bottom 209 
(>5 mg/l), but in specific cases, deep water can reach the lake's surface and the H2S is 210 
consuming the oxygen in the superficial layer. The lack of oxygen and the presence of 211 
H2S create a situation of asphyxia by causing the dystrophic crises or massive death of 212 
fish, mussels and other aquatic organisms. This phenomenon has been recorded several 213 
times in the past: 1941, 1955, 1959, 1979, 1980, 1987 and 2008 (ASPBM, 2010; Peja et 214 
al., 1996). Lake Butrint has mesotrophic waters becoming almost eutrophic in certain 215 
risky areas (Ramsar, 2003). 216 
2.4. Lake evolution and human occupation in the area 217 
The tectonically originated Butrint basin was invaded by Mediterranean waters 218 
during the Holocene marine transgression. During the Mid-Holocene, it remained open 219 
to the Ionian Sea, forming a large embayment stretching northwards as far as the town 220 
of Phoenicê and south towards Mursia (Lane, 2004). However, the progressive 221 
aggradation of the Pavllo River delta led to an increasing isolation from the sea (Fig. 222 
1B), as shown by paleogeographical maps based on dated archaeological sites (Martin, 223 
2004). As a result, since Roman times, the Vivari Channel is the only connection to the 224 
Ionian Sea. According to archaeological data, only the NE and the SW of the Vrina 225 
plain were emerged above sea level during Roman times (Fig. 1B) (Ariztegui et al., 226 
2010; Martin, 2004). A series of boreholes along the margins of the Vrina floodplain 227 
clearly indicates the environmental transformation of the area from an open coastal 228 
embayment, to estuarine wetlands at ~1270-1390 AD and finally to a river floodplain 229 
(Bescoby et al., 2008). Butrint, an important ancient harbor since Greek times declined 230 
progressively as it became more isolated from the Ionian Sea.  231 
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Although human presence in the Lake Butrint catchment dates from the 232 
Paleolithic (Schuldenrein, 2001), first evidences of impact in the landscape were not 233 
recorded until the mid to late Bronze Age (after ca. 2000 BC), when slope-derived ‘terra 234 
rossa’ in Konispol Cave (headwaters of Pavllo river) are interpreted as a result of 235 
incipient grazing, shepherding and deforestation favored by warmer conditions 236 
(Ellwood et al., 1997). The Butrint Peninsula was intermittently occupied during the 237 
Bronze Age and the Archaic period (8
th
 century BC) as a hilltop refuge, and a fortified 238 
trading post was established by the 6
th
 century BC (Bescoby et al., 2004) (Table 2). By 239 
the 4
th
 century BC, Butrint became a Hellenistic port and the city was expanded 240 
(Hodges, 2013). A century later (after 31 BC) ‘Buthrotum’ was designated as a colony 241 
for Roman veterans, and the city duplicated its surface towards the Vivary Channel. It 242 
also expanded to over 2.5 ha to the Vrina Plain (Bescoby et al., 2004), with the 243 
construction of a new aqueduct and bridge across the Vivari Channel (late 1
st
 century 244 
AD) (Leppard, 2013; Wilson, 2013). Image analysis of historical aerial photographs 245 
revealed a complex farmland divisions in the Vrina Plain during Roman times, 246 
responding to a centuriated pattern. The city reached its maximum prosperity as the 247 
major port of the Byzantine province of Epirus, until the 550s AD, declining until ~800 248 
AD when a drastic decrease or abandonment of the city and Vrina plain settlements 249 
occurred after the attack and sack of the city by the Slavs. This archaeological and 250 
documentary hiatus lasted until the late 9
th
 century, when the city was re-occupied by 251 
the Byzantines and expanded from the 11
th
 to the 13
th
 centuries and farming activities 252 
were intensified again in the Vrina Plain.  The city was purchased by Venetians in 1386 253 
AD and declined again until the abandonment of most of the old city in 1572 AD after 254 
the Battle of Lepanto, being only lightly settled afterwards (Hodges et al., 2004). 255 
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Finally, it was abandoned in the late 18
th
 century, when Ottomans took the power in the 256 
region until 1912 AD (Hodges et al., 1996).  257 
3. MATERIALS AND METHODS 258 
A reflection-seismic survey was carried out in June 2011 using a parametric 259 
sediment echosounder SES 2000 compact with effective frequencies between 4 and 12 260 
kHz. A total of 30 km of seismic lines were mainly oriented along the two main axis of 261 
the lake (N-S and E-W) (Fig. 1D). The data were not compensated for heave and roll 262 
and digitally stored. Post-processing was carried out with the INNOMAR software tool 263 
ISE 2.5. The sound velocity in the water was assumed to be 1440 m/s and the resulting 264 
seismic data set was interpreted using the Kingdom Suite software. 265 
Two overlapping cores (BUT-12-1 AND BUT-12-2) of 12 and 9 m length, 266 
respectively, were recovered few meters apart at the deepest area of Lake Butrint using 267 
an Uwitec© percussion-coring equipment installed on a floating raft (Fig. 1C). The 268 
uppermost part of the sequence was reconstructed using a previously recovered short 269 
core BUT-00-2 (Ariztegui et al., 2010). A composite sequence of 11.61 m was obtained, 270 
based on the lithostratigraphic correlation of the three cores. 271 
Physical properties (magnetic susceptibility, gamma density, P-wave velocity) 272 
were measured on the cores every cm with a Geotek Multi-Sensor Core Logger 273 
(MSCL). All cores were subsequently split in two halves and imaged with a Jai CV 274 
L105 3 CCD Colour Line Scan Camera with a resolution of 140 ppcm (350 dpi). Colour 275 
parameters (L*, a*, b*) were obtained from the core images using LineScan software. 276 
Sedimentary facies were defined after visual and microscopic smear slides observations, 277 
applying the methodology described in (Schnurrenberger et al., 2003) (Fig. 2). 278 
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Elemental composition of the composite sequence was obtained with an 279 
AVAATECH XRF core scanner, with a resolution of 1 mm and with two settings: i) 280 
with an X‐ray current of 1.5 mA, at 30 s count time and 10 kV X‐ray voltage for the 281 
measurement of Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe and Rh; and ii) with an X‐ray 282 
current of 2 mA, at 40 s count time and 30 kV X-ray voltage for the measurement of Zn, 283 
Br, Rb, Sr, Zr, Mo, Pb and Bi. The XRF results are expressed in counts per second (cps) 284 
and only chemical elements with mean cps over 1500 were considered to be statistically 285 
significant.  286 
Cores were sampled every 4 cm for Total Carbon (TC), Total Organic Carbon 287 
(TOC), Total Inorganic Carbon (TIC), Total Nitrogen (TN), mineralogical composition, 288 
and Biogenic Silica (BiSi); and every 10 cm for pollen, avoiding homogeneous layers 289 
for the last three proxies. TC and TN were measured with a HEKAtech Euro EA 290 
elemental analyzer. TIC content was determined using a titration coulometer 291 
(Coulometric Inc., 5011 CO2-Coulometer) and TOC was calculated as TOC = TC−TIC. 292 
Whole sediment mineralogy was characterized by X-ray diffraction with a Bruker-AXS 293 
D5005 (working conditions: Cu kα, 40 kV, 30 mA and graphite monochromator) and 294 
relative mineral abundance was determined using peak intensity following the 295 
procedures described in (Chung, 1974a, b). Results are expressed in percentages with 296 
respect to the total dry weight of the sample. BiSi concentrations were measured using a 297 
wet chemical digestion technique combined with ICP-AES (Ohlendorf and Sturm, 298 
2008). 299 
For pollen extraction, the sediments were chemically processed using HCl 300 
(37%), HF (40%) and hot NaOH (10%). In order to estimate pollen and microcharcoal 301 
concentration (number of pollen grains / g), a known amount of Lycopodium spores 302 
(Stockmarr, 1971) was added to each dry weighted sample. Routine pollen analyses 303 
 14 
were carried out using a transmitted light microscope at a magnification of 400X. Pollen 304 
identification was based on specialist atlases and on the reference collection of Sapienza 305 
University (Rome, Italy). Non Pollen Palynomorphs (NPPs) were counted too. Their 306 
percentages have been calculated using a sum including NPPs and pollen of terrestrial 307 
plants. 44 pollen analyses have been used to prepare a preliminary pollen diagram. 308 
Pollen preservation was partly poor with sometimes very low (< 2000 pollen grains /g) 309 
pollen concentration. 310 
The chronology of the lake sequence is based on: i) 
137
Cs dating in previously 311 
recovered core BUT-00-2 and ii) 7 accelerator mass spectrometry (AMS) 
14
C dates from 312 
terrestrial macro-remains and charcoal found in cores BUT-12-1 and 2, analyzed at the 313 
ETH Zürich Laboratory of Ion Beam Physics (Table 1). Radiocarbon dates were 314 
converted into calendar years BP with the Calib 6.0 software using the INTCAL13 315 
calibration curve (Reimer et al., 2013), selecting the median of the 95.4% distribution 316 
(2σ probability interval) (Table 1). The age-depth relationship for the lower part of the 317 
sequence was constructed by linear interpolation of calibrated radiocarbon dates using 318 
Analyseries (Paillard et al., 1996). 319 
4. RESULTS  320 
4.1 Seismic stratigraphy and sedimentology 321 
The seismic survey indicated low penetration (lower than 5 m) throughout the 322 
basin due to gas in the sediments. However, the obtained data allow the identification of 323 
relatively steep slopes in the W and E margins of the lake (Fig. 1D), related to the 324 
straight margins (N-S oriented) of the lake basin (Fig. 1B). A prominent step on each 325 
side (marked with arrows on Fig. 1D) suggests ongoing activity of normal faults 326 
responsible for recent tectonic activity and subsidence reported during the last centuries. 327 
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These inclined and potentially instable lake slopes might have favored mass-wasting 328 
processes leading to the deposition of homogeneous layers intercalated within the 329 
laminated sequence (Ariztegui et al., 2010). The alternation of high-amplitude 330 
reflections and transparent intervals within the uppermost 2 m of the seismic profiles of 331 
the deepest areas of the lake (Fig 1D) results from changing densities likely due to 332 
changing lithologies (Fig. 3). 333 
Five sedimentary facies and three sedimentary units were defined and correlated 334 
within the sediment cores recovered at the offshore, distal areas of Lake Butrint (Figs. 2 335 
and 3). According to textural and compositional criteria, these facies have been grouped 336 
into laminated and massive facies. The first group comprises variegated, finely (facies 337 
1) (Fig 2A-C) to barely laminated (facies 2) (Fig. 2D) silts composed of triplets of: i) 338 
light grey clastic-rich laminae, ii) reddish, organic-rich laminae and iii) yellowish, 339 
authigenic calcite-rich laminae. The finely laminated facies in the uppermost ~160 cm 340 
are proved to represent varves, which were described in detail by Ariztegui et al. (2010). 341 
Light grey and reddish laminae are always present within these facies, whereas calcite 342 
laminae are absent in some intervals (Fig. 2B-C). The relative thicknesses of each of 343 
these laminae are also highly variable throughout the record and can be quantified with 344 
colour and compositional analyses (Figs 2 and 3).  Massive facies occur as: i) light-grey 345 
to brownish, fine-grained and clastic-rich silts (facies 3) (Fig. 2E); ii) variegated, fine-346 
grained and clastic-rich silts organized in fining-upwards successions (facies 4) (Fig. 347 
2F-G) and iii) dark grey to greenish, bioturbated silts with mollusks (facies 5) (Fig. 2H). 348 
Facies 3 and 4 are both interpreted as homogenites (i.e. mass-movement-related 349 
turbidites; Ariztegui et al., 2010) (Fig. 3) and occur as 1 to 17 cm thick intercalations 350 
within the laminated facies (Fig. 2E-G). 351 
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According to the facies distribution, the sedimentary sequence of Lake Butrint 352 
has been divided into 3 main sedimentary units (Figs. 3 and 4): 353 
Unit C (1161.5 – 974.1 cm comp depth), the lowest unit, is a rather 354 
homogeneous interval characterized by facies 5, containing abundant Scaphopoda shells 355 
and is characterized by the highest proportion of siliciclastic minerals (quartz, feldspars, 356 
phyllosilicates), the lowest amount of carbonates (calcite and high-magnesium calcite 357 
(HMC)) and pyrite.  358 
Unit B (974.1 – 767.9 cm comp depth) represents the transitional interval 359 
between predominantly massive lower unit C and upper laminated unit A. The lower 360 
part of this unit (subunit B2, 974.1 - 944.6 cm) is characterized by barely laminated 361 
facies 2 with the intercalation of relatively thin (1-5 cm) homogeneous layers (facies 4). 362 
The upper part (subunit B1, 944.6 – 767.9 cm) is mainly formed by thick grey-clastic 363 
and yellow-calcitic laminae (facies 1) with a high number of interspersed, homogeneous 364 
layers (facies 5) of variable thickness (2.5 to 17 cm). Unit B displays a gradual but 365 
marked upcore increase in calcite content (from 15 to 45%), a higher content on pyrite 366 
and scarcer amounts of HMC. Halite, absent in lowermost unit C, is present with low 367 
percentages.  368 
Unit A (767.9 – 0 cm comp depth), the thickest and uppermost interval, is 369 
dominated by laminated lithologies. The lower part (subunit A3, 767.9 – 627.9 cm) 370 
depicts the alternation of barely (2) and finely laminated (1) facies. Subunit A2 (627.9 – 371 
361.6 cm) is composed exclusively by finely laminated facies 1 with few intercalations 372 
of homogeneous facies 3, more frequent towards the top. Relatively thicker grey, 373 
clastic-rich laminae within facies 1 occur. HMC, halite and pyrite are present in small 374 
amounts, with increasing percentages topward. The uppermost subunit A1 (361.1-0 cm) 375 
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is also composed by finely laminated facies 1 with more frequent intercalations (10) and 376 
higher thicknesses (up to 17 cm) of homogeneous facies 3. Thicker and more abundant 377 
calcite laminae occur between 340 and 300 cm and through the uppermost 240 cm, 378 
coinciding with abrupt increases in calcite (up to 60%). Gypsum, restricted to the 379 
uppermost 80 cm, was secondarily precipitated after core BUT00-2 recovery (Fig. 4).  380 
4.2 Physical properties 381 
Bulk magnetic susceptibility is generally low to moderate with values ranging 382 
from 0 to 35 10
-5
 SI but shows remarkable variations related to changing lithology 383 
through the sequence (Fig. 3). Moderate values (10-40 10
-5 
SI) with little variations 384 
occur in basal unit C, as a result of the relatively high clastic content and homogeneous 385 
lithology (massive facies 5). Intermediate unit B displays the highest values (up to 170 386 
10
-5
 SI) where abrupt fluctuations and highest values (up to 170 10
-5 
SI) occur, 387 
coinciding with the maximum number of homogeneous layers. Uppermost unit A is 388 
characterized by much lower and more constant values (0-25 10
-5 
SI). Organic-rich 389 
intervals display relative higher values (up to 25 10
-5 
SI), whereas clastic-rich and 390 
carbonate-rich intervals are characterized by intermediate (up to 13 10
-5 
SI) and lowest 391 
values (<5 10
-5 
SI), respectively (Figs. 3 and 4).  392 
The density curve shows high and more constant values, ranging from 1.20 to 393 
1.60 g/cm
3
 in lower units C and B, with higher variations within subunit B1, 394 
characterized by alternating facies 1 and 4 (Fig. 3). A decreasing trend occurs along 395 
subunits A3 and A2 and high-amplitude variations occur at the uppermost subunit A1. 396 
Superimposed on these long-term variations, sharp and abrupt increases (up to 0.20 397 
g/cm
3
) occur systematically coinciding with all the homogeneous layers intercalated in 398 
units B and A (facies 3 and 4), in contrast with laminated facies (1 and 2). These 399 
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contrasting density values in the uppermost part of the sequence might be responsible 400 
for the intercalation of high and low amplitude reflections in the seismic profiles of the 401 
distal areas of the lake basin (Fig. 1D). 402 
Downcore variations in colour parameters (L*, a*, b*) are closely related with 403 
changes in lithology and relative thickness and/or presence of components within 404 
laminated facies (Fig. 3). Light grey, clastic-rich intervals are characterized by relatively 405 
higher L* values and lowest b* (units C and subunits A3 and most of A2). However, 406 
organic-rich intervals are characterized by a higher thickness of brown laminae respect 407 
of the other components, as reflected by highest a* peaks, particularly visible when 408 
occurring next to lighter-coloured materials (e.g., lower part of subunit A1). In contrast, 409 
yellowish carbonate-rich intervals are characterized by maximum b* values, relatively 410 
high L* and relatively low a*. Finally, homogeneous layers generally show higher L*, 411 
except where these intercalations occur within lighter-coloured facies (e.g., subunit A1).  412 
4.3 Geochemistry 413 
4.3.1 Elemental Geochemistry 414 
XRF core scanner results are shown in Fig. 5. Downcore profiles of elements 415 
clearly coincide with the facies distribution: i) Si, Al, K, Ti and to some extent, Fe, 416 
show comparatively higher values in clastic-dominated intervals; ii) Ca and Sr display 417 
maximum values in carbonate-rich facies; and iii) Fe and Mn show a more complex 418 
behavior probably associated with changing redox processes. The first group shows 419 
high and rather constant values in basal unit C with also high but much variable values 420 
along units B and A. Local abrupt increases associated with homogeneous layers (facies 421 
3 and 4) can be also identified throughout the sequence. Ca displays an opposite trend, 422 
reaching maximum values in units B and A1, and secondarily in subunit A2 (Figs. 4 and 423 
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5). Sr values show a lower and more constant trend with higher peaks in some of the 424 
intervals characterized by high Ca concentrations (uppermost subunits A2 and A1). 425 
However, an inverse correlation between Sr and Ca can be observed between 310 and 426 
240 cm most likely due to the replacement of Ca by Sr within calcite crystals. Minor 427 
proportions of aragonite, containing Sr, cannot be discarded. In fact, low proportions of 428 
this mineral were found in carbonate laminae of the uppermost part of the sequence 429 
(Ariztegui et al., 2010). Superimposed on the long-term trends, Fe shows abrupt and 430 
maximum increases in subunit B1, where facies 1 and 5 alternate, coinciding with S 431 
maxima, likely related to iron sulphide precipitation. In contrast, Mn displays rather low 432 
and constant values, relatively higher at lowermost unit C, decreasing upcore, and local, 433 
abrupt increases in carbonate and clastic-rich intervals of unit A. Organic-rich intervals 434 
are generally depleted in Mn. 435 
Elemental ratios support the previous inferences providing further insights on 436 
the geochemical variations recorded in the sequence: higher Ti/Ca ratios in subunits A3 437 
and A2 reflect higher clastic input respect to carbonate-rich A1, whereas most of the 438 
maximum peaks correspond to homogeneous layers; highest Si/Ti at the uppermost 439 
subunit A1, coinciding with maximum biogenic silica, highlights non-detrital Si and 440 
thus evidences an additional (biogenic) source of Si provided by diatoms; and Fe/Mn 441 
reaches higher values in organic-rich intervals (subunit A1) and secondarily, in unit B, 442 
coinciding with alternating facies 1 and 4 (Figs 4 and 5). Thus Ti/Ca, Si/Ti and Fe/Mn 443 
can be interpreted as clastic input, diatom productivity and redox proxies, respectively 444 
(Cunningham et al., 2013; Naeher et al., 2013). 445 
4.3.2 Organic geochemistry: C-N-S and BiSi 446 
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The TOC content of the Lake Butrint sequence is highly variable, oscillating 447 
from 0% to ca 6% (Fig. 4). The organic content of lower units C and B is relatively low 448 
and rather constant, increasing in subunit A3 and reaching maximum values at the upper 449 
part of subunit A2 and lower subunit A1. TN values, ranging from 0 to 0.4%, mimic the 450 
main trends in TOC, with relatively higher content in lower units C and B, evidenced by 451 
lower but fluctuating TOC/TN ratios at these intervals. This ratio increases towards the 452 
mid part of unit A, slightly decreasing upcore. TOC/TN values range between 6 to 7 at 453 
lowermost units A and B, reaching 10 at the mid part of unit A. Typical values for algae 454 
are below 10, whereas vascular plants are characterized by ratios higher than 20 455 
(Meyers and Lallier-Vergès, 1999). Thus, the organic matter present in the Lake Butrint 456 
sediments is predominantly of lacustrine origin with a minor influence of terrestrial 457 
plant remains derived from the catchment, more significant in unit A. A higher, 458 
maximum peak of TOC/TN related to a plant-debris-rich layer occurs near to the base of 459 
unit A (Fig. 4). 460 
Biogenic silica (BiSi) concentration is rather constant and low in basal unit C, 461 
increasing in subunit B1. A return to low values is recorded through subunits A3 and 462 
A2. A subsequent abrupt increase occurs in subunit A1, where two relative maxima of 463 
90 and 75 mg/g occur at the intervals 360-340 and 240-180 cm, respectively. After a 464 
progressive decreasing trend, BiSi remains constant and centered around 40 mg/g 465 
upcore. These discrete BiSi measurements are in good agreement with the Si/Ti ratio 466 
determined by XRF core scanning, which underlines the interpretation of this ratio as 467 
proxy for the BiSi content. Fluctuations in BiSi reflect changes in diatom primary 468 
productivity in the euphotic zone (e.g., (Barker et al., 2013; Johnson et al., 2011)). The 469 
similar trends of BiSi and TIC (Fig. 4) suggest that carbonate precipitation in Lake 470 
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Butrint is strongly related to diatom productivity by CO2 uptake, in agreement with the 471 
varve-formation model established by Ariztegui et al. (2010). 472 
4.4 Pollen 473 
The pollen record from Butrint is characterized by high fluctuations in 474 
concentration (Fig. 6), determined by both continental and marine inputs. Non Pollen 475 
Palynomorphs (NPPs) Glomus and Pseudoschizaea are used to distinguish sources of 476 
detrital material. The first is a fungus present in the soil and the second a palynomorph 477 
of uncertain origin linked to freshwater input (Medeanic et al., 2008). They are both 478 
taken as indicators of erosion. Chenopodiaceae can be used as an indication of water 479 
salinity, as many herbs belonging to this family are salt tolerant. Pinus (pine) and Alnus 480 
(alder) deserve other considerations. High percentages of pine pollen cannot be 481 
considered representative of the local/regional pollen rain for two reasons: i) the pollen 482 
grains found in the Butrint sediments are a mixture of both coastal and montane pines 483 
and a high amount was found corroded and fragmented (e.g., wings); and ii) even if 484 
regional data from the Balkans suggest that pine forests were widespread in the late 485 
Holocene (Kouli, 2012; Panagiotopoulos et al., 2013; Sadori et al., 2015b), the Butrint 486 
pine curve does not follow regional trends recorded in other Central Mediterranean 487 
sequences. A different explanation is therefore proposed: pine pollen grains are 488 
particularly overrepresented in marine sediments because they float on seawater and can 489 
therefore be transported long away (e.g., (Combourieu-Nebout et al., 2013; Mercuri et 490 
al., 2012). Thus, high percentages of Pinus indicate marine water input. Alder grains 491 
cannot be ascribed to Alnus viridis, a montane alder whose morphology is quite 492 
different from that of riparian alders (Giardini et al., 2010). Pollen grains of alder found 493 
in Butrint sediments are typical of the riparian trees that can grow along freshwater 494 
lakes and rivers. Consequently, increases of alder are either an indication of strong river 495 
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input (alder pollen can be transported by rivers into Butrint basin) or more specifically, 496 
to the expansion of alder populations related to the development of alluvial plains 497 
during phases of delta progradation. In fact, alder and pine never show a similar trend: 498 
from the base up to 500 cm depth Pinus is prevailing, while alder spreads at the 499 
uppermost ~400 cm of the sequence. Single and opposite peaks of the two curves can 500 
evidence major continental/marine input. Moreover Alnus is not found in periods of 501 
enhanced soil erosion, the last being suggested by increases of Glomus and 502 
Pseudoschizaea. 503 
In our pollen diagram a first closure of the bay can be see before 3000 years BP, 504 
and is indicated by a sharp increase of pollen grains from inland, namely a reduced 505 
contact with marine water. Another important period of water freshening is found 506 
around 2200 years BP, and again when the salt water input seems to be quite reduced 507 
since the first century AD. 508 
4.5 Chronological model 509 
A total of 37 event layers, deposited instantaneously and represented by massive 510 
facies 3 and 4 with a total sediment length of 197.6 cm were subtracted from the 511 
sequence for the construction of the age model in order to obtain an event-corrected 512 
depth-age scale (Fig. 7A). In the resulting 956.9 cm of sequence (Fig. 7B), the age-513 
depth relationship was constructed by linear interpolation of calibrated radiocarbon 514 
dates (Table 1) using Analyseries (Paillard et al., 1996).  515 
The chronology of the lower half of the sequence, represented by units B, C and 516 
subunits A2 and A3 is constrained by a total of 5 radiocarbon dates, whereas in the 517 
uppermost ca. 5 m of sequence (upper subunit A2 and A1), the chronological control is 518 
lower, with 2 radiocarbon dates and the 
137
Cs maximum activity peaks of 1963 AD and 519 
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1986 AD. The constant lithology of the uppermost part of the sequence characterized by 520 
finely laminated facies 1 (Fig. 2), together with the good alignment of available dates, 521 
points to a rather constant sedimentation rate of ~0.2 cm/year, similar to the rest of unit 522 
A and significantly lower than in intermediate unit B (0.38 cm/yr) (Fig. 7B). The good 523 
match with annually resolved chronology for the uppermost 300 years (Ariztegui et al., 524 
2010) reinforces the robustness of the age model. 525 
Finally, the age of the base of the sequence was obtained by the extrapolation of 526 
the sedimentation rate obtained between the lowermost two radiocarbon dates (0.22 527 
cm/yr). Thus, according to our age model, the 1161.5 cm long sedimentary sequence of 528 
Lake Butrint spans the last ~4370 cal years BP (or back to ~2420 BC). 529 
5. DISCUSSION 530 
5.1 The transition from open marine to lagoon conditions (2420-1430 BC) 531 
The oldest recovered sediments (unit C) were deposited under shallow, open-532 
marine conditions as indicated by the massive, bioturbated facies 5, with abundant 533 
Scaphopoda, typical for sub-tidal conditions of more than 6 m water depth (Brusca and 534 
Brusca, 2003; Reynolds, 2002). Relatively low Fe/Mn ratios and relatively poor pollen 535 
preservation (Figs. 5 and 8) reflect oxic conditions typical from a shallow, open-marine 536 
environment. The abundance of Chenopodiaceae also supports the strong marine 537 
influence, whereas high Pinus values in the context of low pollen preservation might 538 
indicate transport from sea waters. These sedimentological, geochemical, and vegetation 539 
patterns coincide with results obtained in the Vrina Plain (Fig. 1B), where mottled, 540 
blue-grey clays with abundant mollusks characterize the basal sediments recovered at 3-541 
4 m core depth. These muds, interpreted as marine, are overlain by marsh deposits 542 
(Lane, 2004). Additionally, the base of the sedimentary sequence of Lake Bufi 543 
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(currently 2 m a.s.l. and located onshore) is characterized by laminated, grey-olive clays 544 
with marine ostracod fauna (Lane, 2004). Unfortunately, none of these nearby 545 
sequences have an independent, absolute chronology for these marine deposits. In fact, 546 
the Lake Bufi age model was obtained by the tuning main vegetation changes with the 547 
pollen sequence of Lake Gramousti (Pindus Mountains, NW Greece) (Willis, 1992) 548 
assumed to be synchronous. According to this correlation, marine deposits in Lake Bufi 549 
were deposited prior to ca. 5000 
14
C years BP, equivalent to ~4200-3200 cal years BC, 550 
if this date is calibrated with the INTCAL13 curve (Reimer et al., 2013). However, the 551 
environmental surveys carried out in the frame of the 1994-1999 archaeological project 552 
suggested that a wide lagoon embayment, with marshes in the outlet of Lake Bufi (Fig. 553 
1B), persisted until 1800-1500 BC, as mapped in palaeogeographical reconstructions of 554 
the area (Martin, 2004).  555 
This reconstruction is consistent with our age model, according to which first 556 
evidences of more restricted and oxygen depleted conditions occurred after ~1620 BC,  557 
as indicated by the deposition of barely laminated facies 2, along with the disappearance 558 
of marine Scaphopoda, an increase in pyrite (Fig. 4) and fluctuating but higher Fe/Mn 559 
ratios. A substantial increase in carbonate and halite precipitation indicates significantly 560 
higher water salinity (Figs. 4 and 8). Evidences from a first phase of accretion of NW 561 
Vrina Plain have been documented through dating of marsh clay underlying the Shën 562 
Deli bath-house structure (1500-1800 BC) (Hounslow and Chepstow-Lusty, 2004). 563 
After ~1515 BC, a drastic change in sedimentation occurred: a total of 24 564 
homogeneous layers ranging in thickness from 2.5 to 17 cm were deposited in a very 565 
short time (~60 years, according to the age model), coinciding with maximum peaks in 566 
magnetic susceptibility (Fig. 3), iron and sulphur (Fig. 5). These homogeneous layers 567 
probably result from mass-wasting processes likely triggered by earthquakes shaking 568 
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the lake basin (Ariztegui et al., 2010), mixing the water column and generating the 569 
release of sulphur, extending anoxia to the entire water body and resulting in iron 570 
sulphide precipitation. In fact, occasional whole-water column mixing events, releasing 571 
H2S up to the epilimnion and thus causing dystrophic crises, have been reported in 572 
Butrint during the 20
th
 century (ASPBM, 2010; Peja et al., 1996). The massive layers 573 
are intercalated within finely laminated facies 1, indicative of anoxic conditions, and in 574 
this case, with absent organic-rich laminae (Fig. 2F-G), a unique case throughout the 575 
record revealing reduced productivity.  576 
A strong, documented earthquake (M = 6.8), causing coseismic uplift in the less 577 
than 6 km distant Corfu Island, was dated at ~1500-1050 BC (Mastronuzzi et al., 2014), 578 
as well as a subsequent tsunami responsible for the flooding of Lefkada Island and the 579 
Plaghia Peninsula (Greece) (Mastronuzzi et al., 2014; Vött, 2007; Vött et al., 2010; Vött 580 
et al., 2009), most probably reaching Southern Albanian coast as well (Fig. 1B). 581 
Although this earthquake/tsunami probably affected Lake Butrint, it cannot be identified 582 
unambiguously in the sediment core, as there are numerous candidates (homogenous 583 
layers) in the respective age window (ca. 60 years) between 945 and 783 cm core depth. 584 
A seismic crisis, lasting for a longer period, and leading to the re-activation of 585 
subsidence might have decreased the stability of the abrupt slopes of the lake, favouring 586 
mass-wasting activity. Nevertheless, the lack of seismic data hampers a full explanation 587 
for the origin of these homogenites. Mass wasting activity may have been promoted by 588 
increasing subsidence, very active in the basin during the last centuries (Bescoby, 589 
2013).  590 
5.2 Climate variability and human impact under lagoon conditions (1430 BC-591 
present) 592 
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The deposition of barely laminated facies 2 after 1430 BC indicates more oxic 593 
conditions, which is supported by slightly lower Fe/Mn ratios. Increased clastic input 594 
and reduced carbonate precipitation, as marked by higher Ti/Ca ratios, also occurred, 595 
extending until ~640 BC. These conditions correlate with increasing Alnus (and 596 
indicators of soil erosion Glomus and Pseudoschizaea) and decreasing Chenopodiaceae 597 
(Figs. 6 and 8). Higher moisture has been also recorded in some areas of the Balkans 598 
Region (e.g., Lake Prespa (Leng et al., 2013)), NW Turkey (Fleitmann et al., 2009) or 599 
the Levant (Soreq Cave, Israel (Bar-Matthews et al., 2003)), as indicated by relatively 600 
lighter δ18O in all cases. Two wet pulses centered around 850 and 700 BC were also 601 
recorded in Kapsia Cave (Peloponnese, Greece) (Finné et al., 2014). A relative increase 602 
in humidity, in the context of a longer dry phase, was also recorded in the Albanian 603 
Highlands (Lake Maliq, (Fouache et al., 2010)), and in Lake Shkodra (Zanchetta et al., 604 
2012). Evidences of human presence in the region during the mid to late Bronze Age 605 
come from Konispol Cave (Schuldenrein, 2001) and from the Butrint Peninsula 606 
(Hodges, 2013). However, considering the intermittent character of this occupation and 607 
its potential limited impact on the environment, the recorded increase in clastic input 608 
cannot be attributed to anthropogenic activities.  609 
5.2.1 Lake Butrint from the Archaic to the Early Medieval period (645 BC – 800 610 
AD) 611 
At ~645 BC, the onset of finely laminated facies 1 reveals more stable and 612 
restricted conditions with permanent oxygen-depletion. This change in sedimentation 613 
correlates with a slight increase in pyrite content (Fig. 4) and MS (Fig. 3). 614 
Subsequently, from ~400 BC to 0 AD, a marked increase in water salinity, indicated by 615 
higher Sr and Ca values, and more anoxic conditions, reflected by an increase in TOC 616 
and Fe/Mn ratio; occurred. Geochemical evidences correlate with the deposition of 617 
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thicker, organic-rich laminae within laminated facies 1 and a relative maximum in MS 618 
(Fig. 3). Increasing salinity in the lagoon coincides with a general increase in 619 
temperature in the Mediterranean region associated with the Roman Warm Period 620 
(RWP) (Finné et al., 2011; Manning, 2013). More arid conditions occurred in most of 621 
the eastern Mediterranean areas (e.g., Soreq Cave and  lakes Van (Wick et al., 2003) 622 
and Nar (Dean et al., 2015)) an. In contrast, lighter isotope values have been recorded 623 
during this period in Balkan lakes Shkodra (Albania) (Zanchetta et al., 2012), Ohrid 624 
(Lacey et al., 2014) and in the Peloponnese (400-100 BC) (Finné et al., 2014). This 625 




 centuries BC) (Hodges 626 
et al., 1996) and the foundation and early development of the Roman City of 627 
Buthrotum, restricted to the Peninsula (Fig. 1A). 628 
A gradual decrease in water salinity, marked by lower Ca and Sr, and more oxic 629 
conditions reflected by lower Fe/Mn took place from 0 to ~900 AD. Increasing TOC 630 
accompanied by slightly higher TOC/TN reveals an increase in terrestrial organic matter 631 
input, which coincides with higher Ti/Ca, indicative of increasing runoff in the Lake 632 
Butrint catchment. The observed freshening of the lake waters recorded in Butrint, 633 
coincide with interpreted wetter conditions in Balkans lakes Ohrid (Lacey et al., 2014) 634 
and Dojran (Zhang et al., 2014) and in Kapsia Cave (NW Greece) (160-300 AD) (Finné 635 
et al., 2014). 636 
 This ca. 1000 yr long period is one of the longest stages characterized by 637 
relatively stable environmental conditions throughout the Lake Butrint record (Fig. 8). 638 
However, two distinct phases can be identified within this period: i) from 0 to ca. 400 639 
AD, characterized by decreasing salinity under moderate clastic input, and ii) from ca. 640 
400 to ca. 900 AD, when a marked increase in clastic input, recorded by higher Ti/Ca, 641 
likely due to increasing runoff, parallel to decreasing salinity (as indicated by lower Ca 642 
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and Sr) occurred. The first stage (ca. 0 - 400 AD) covers the second half of the RWP, 643 
characterized by generally warm and moist conditions throughout the Mediterranean 644 
Basin, with particular stable conditions until the second century AD (Manning, 2013). 645 
The second stage (ca 400 – 800 AD), corresponds to the Early Middle Ages (EMA), 646 
when a particular increase in moisture occurred in the Eastern Mediterranean region 647 
between 350 and 750 AD (Finné et al., 2011). The observed increase in runoff recorded 648 
in Butrint, coincide with interpreted wetter conditions in Lake Prespa (Leng et al., 649 
2013); and particularly in Anatolia, such as Lake När (Dean et al., 2015; Jones et al., 650 
2006), Lake Van (Wick et al., 2003), Sofular Cave (Fleitmann et al., 2009) or Bereket 651 
Basin (~450-650 AD) (Kaniewski et al., 2007) and the Southern Levant (Soreq Cave 652 
(Bar-Matthews et al., 2003) and Dead Sea (Migowski et al., 2006b). 653 
In contrast, central and northern Europe experienced colder and arid conditions 654 
during the period 400-800 AD, known as the Dark Ages, which might have influenced 655 
the migration of northern European tribes into the Western Roman Empire (Büntgen et 656 
al., 2011; Cheyette, 2008; McCormick et al., 2012). This dichotomy of ‘less favorable’ 657 
conditions in the Western Mediterranean (Büntgen et al., 2011; Moreno et al., 2012), 658 
and a ‘more favorable’ situation in the East, recorded in the Lake Butrint sequence, 659 
might have helped the revival and consolidation of the Eastern Roman Empire (Haldon 660 
et al., 2014; Izdebski, 2011; Izdebski et al., 2015; Manning, 2013; McCormick et al., 661 
2012). 662 
Additionally, during the 1
st
 century AD, the Roman city expanded to the Vrina 663 
Plain (Fig. 1B) and the bridge across the Vivari Channel was constructed (Hodges et al., 664 
1996). The intensification of farming activities in the watershed might be also 665 
responsible for the increase in runoff and sediment delivery. In fact, the maximum peak 666 
in clastic input, reflected by Ti/Ca ratio, coincides with the maximum occupation of the 667 
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city, during late Roman and early Byzantine times (Bescoby et al., 2008; Martin, 2004) 668 
(Fig. 8). This stage also correlates with the end of the first synchronous accelerated 669 
phase of Pan-Mediterranean delta construction (Maselli and Trincardi, 2013). A short-670 
lived, strong decrease in arboreal pollen was also recorded at the same time (Fig. 6). In 671 
contrast, and according to Hounslow and Chepstow-Lusty (2004), the most intense 672 
period of siltation recorded in the Vrina Plain, occurred later than recorded in our 673 
sequence, from 450 to 1200 AD, with a marked increase in soil input. This discrepancy 674 
might be due to a different management of the Pavllo river catchment or to dating 675 
uncertainties related with archaeomagnetic dating. Alternatively, a second phase of 676 
deforestation related with the revival of Byzantine trade in the region after the late 9
th
 677 
century and/or the intensification of farming during the 11
th
 – 13th centuries AD could 678 
explain this increase in erosion (Bescoby, 2013; Hodges et al., 1997; Hounslow and 679 
Chepstow-Lusty, 2004). Finally, and according to Bescoby (2013), an earthquake 680 
during the 4
th
 century AD (Pavlides and Caputo, 2004) might have caused increased 681 
subsidence and substantial damages in public buildings of the city and even the collapse 682 
of one of the pillars sustaining the aqueduct, leading to its partial breakdown (Table 2) 683 
(Wilson, 2013). However, sedimentological evidences of this seismic event (i.e., 684 
homogeneous layers) have not been found in the Lake Butrint record (Figs. 2 and 8).  685 
5.2.2 The Medieval Climate Anomaly (800-1300 AD) 686 
An abrupt increase in Ca and Sr accompanied by a rise in BiSi and a decrease in 687 
TOC/TN ratios at ~850 AD (Figs. 3 and 8) indicate higher carbonate precipitation likely 688 
related to an increase in diatom productivity. Higher water temperature might have 689 
caused this rise in productivity and evaporation, and led to extension of anoxic 690 
conditions as marked by higher Fe/Mn and the deposition of more organic-rich, reddish 691 
facies 1 (Figs. 5 and 8). Maximum carbonate precipitation occurred between ca. 850 and 692 
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1350 AD, with a relative increase in Sr respect to Ca after 1200 AD, indicating highest 693 
salinities. This change in water chemistry also coincides with a marked decrease in 694 
clastic input, as indicated by lower Ti/Ca, contemporaneous to the decline of the city of 695 
Butrint after its sack by the Slavs after ca. 800 AD (Hodges et al., 2009). A strong 696 
reduction in pollen concentration has been found after ca. 850 AD (Fig. 6). This 697 
decrease might be due to the observed increase in sedimentation rate (Fig. 7) or 698 
alternatively, to a reduction of the biomass. 699 
 This stage corresponds to the Medieval Climate Anomaly (MCA) (ca. 900-1300 700 
AD), which records a global increase in temperature (Marcott et al., 2013) with different 701 
hydrological patterns across the Mediterranean Basin (Moreno et al., 2012; Roberts et 702 
al., 2012), Xoplaki et al., in review). Higher sea-surface temperatures have been 703 
recorded in the Ionian Sea from the 9
th
 to the 12
th
 centuries AD (Taricco et al., 2009). 704 
Grotta Savi speleothem record (SE Alps) has also recorded a marked second warming 705 
during the second part of the MCA, from 1150 to 1400 AD (Frisia et al., 2005), 706 
coinciding with highest salinities in Butrint. In the Balkans, more positive oxygen 707 
isotope compositions of carbonates indicate a more negative water balance in Ohrid 708 
(Lacey et al., 2014), and, particularly, in Prespa, where a sharper positive excursion has 709 
been recorded (Leng et al., 2013). Consistently, decreased runoff in Lake Dojran 710 
(Greece) (Zhang et al., 2014) and more arid conditions occurred in Soreq Cave (Israel) 711 
(Bar-Matthews et al., 2003). This pattern, characterized by warmer and more arid 712 
conditions matches other continental records from the central (Lake Pergusa, Italy 713 
(Sadori et al., this issue)) and W Mediterranean region (Corella et al., 2012; Morellon et 714 
al., 2012; Moreno et al., 2012). In contrast, a marked negative isotope excursion, 715 
indicating more humid conditions, occurred in Anatolian lakes (Jones et al., 2006; 716 
Roberts et al., 2012) contemporaneous to higher humidity in Coastal Syria (Kaniewski 717 
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et al., 2011) and higher lake levels in the Dead Sea (Migowski et al., 2006a) during the 718 
late phases of the MCA (ca. 1000 – 1450). Predominantly positive North Atlantic 719 
Oscillation (NAO) index conditions recorded during this period (Fig. 8) (Olsen et al., 720 
2012; Trouet et al., 2009), might be responsible for the decrease in rainfall at 721 
Mediterranean latitudes located in western and central areas, like Butrint and the 722 
Balkans. 723 
Several (3) homogeneous layers of up to 10 cm (facies 3) were also deposited in 724 
Lake Butrint during the 13
th
 century AD. An increase in seismic activity in the North 725 
Ionian Sea and Western Peloponnese area, with earthquakes at 1270 AD, 1278 AD and 726 
1301 AD, has been recorded (Hadler, 2013). The 1278 AD earthquake (M = 6.7) in the 727 
nearby Corfu Island was responsible for another tsunami affecting the Ionian Sea coast 728 
(Lefkada and Plaghia Peninsula coasts) (Mastronuzzi et al., 2014). These earthquakes 729 
might have been responsible for the increase in mass-wasting activity in Butrint. In 730 
contrast to previous event(s), sediments display a much lower increase in sulphur. 731 
Additionally, the deposition of finely laminated facies resumed afterwards, indicating a 732 
shorter and more limited impact, restricted to the mixing of the water-column (Fig. 5). 733 





centuries, likely related to the re-activation of farming in the Vrina Plain might have 735 
also contributed to mass-wasting activity, increasing the sensitivity of Butrint to 736 
potential triggering mechanisms, such as earthquakes. In fact, sediment cores recovered 737 
at the most distal areas of the Vrina Plain, revealed that a swamp was established after 738 
1270-1390 AD (Bescoby et al., 2008). Accordingly, the maximum alluviation of the 739 
area, with a location of the delta front similar to the present (Fig 1C), was reached by 740 
this time, what is in agreement with results from the Shen-Delli archaeological site 741 
(Hounslow and Chepstow-Lusty, 2004). The stabilization of Alnus pollen percentages 742 
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(pollen grains could have a double provenance, both from the inlet rivers and from the 743 
riparian belt around the lake) also supports this hypothesis, as it increased gradually 744 
since the establishment of lagoon conditions after 1445 BC as a result of the associated 745 
increase in habitat for riparian vegetation (Fig. 8). 746 
5.2.3 The Little Ice Age (1300 - 1800 AD) 747 




 centuries AD, carbonate precipitation decreased, as 748 
indicated by a gradual decline in Ca and disappearance of Sr, accompanied by more 749 
oxic conditions as reflected by a substantial lowering of Fe/Mn (Fig. 8). A slight 750 
increase in clastic input, with a relative maximum between 1600 and 1800 AD, reveal a 751 
higher hydrological activity in the watershed, which is contemporaneous to this 752 
decrease in salinity, indicating more humid conditions. This stage coincides with the 753 
Little Ice Age (LIA), a generally cold period (Mann, 2002; Mann et al., 2009), as 754 
recorded in the SE Alps (Frisia et al., 2005), the Ionian Sea (Taricco et al., 2009) and 755 
the nearby Gulf of Taranto (Grauel et al., 2013), with lower but highly variable 756 
temperatures from the 14
th
 to the 19
th
 centuries AD. There are abundant evidences of 757 
increased hydrological activity during this period in the western (Morellon et al., 2012; 758 
Moreno et al., 2012) and central Mediterranean region (Brown et al., 2013; Giraudi, 759 
2014; Wirth et al., 2013), with a marked delta progradation phase in all the southern 760 
European deltas (Maselli and Trincardi, 2013).  761 
In the Western Balkans, more positive water balances were recorded in Ohrid 762 
(Lacey et al., 2014) and Prespa (Leng et al., 2013). In contrast, reduced runoff and more 763 
saline waters characterized most sites of the eastern Mediterranean region (e.g., Dojran 764 
(Zhang et al., 2014), Lake Nar (Turkey) (Jones et al., 2006), Coastal Syria (Kaniewski 765 
et al., 2011), Soreq Cave (Bar-Matthews et al., 2003) and Dead Sea (Migowski et al., 766 
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2006a)). This humid phase correlates with highly variable but generally negative NAO 767 
conditions in the region, suggesting an increase in winter rainfall in the region (Trouet 768 
et al., 2012) (Fig. 8). Hydrological contrast with neighboring eastern Balkans and 769 
Levantine regions likely indicates an eastwards attenuation of the NAO influence in the 770 
region (Roberts et al., 2012). In contrast to the previous MCA, the LIA in Butrint is 771 
characterized by a more complex internal structure. An initial phase characterized by 772 
relatively high Ca levels and a relative maximum in productivity, marked by high BiSi 773 
values (Fig. 3) occurs from 1300 to 1600 AD. However, relatively higher clastic input, 774 
as reflected by higher Ti/Si and Alnus concentration, accompanied by minima in Ca and 775 
BiSi, occurs during the second half of this period, lasting until ~1800 AD. The coldest 776 
SST in the Ionian Sea during this period occurred from ca. 1625 to 1875 AD (Taricco et 777 
al., 2009), which correlates well with the Lake Butrint record.  778 
Highly variable clastic input during this stage might be also influenced by 779 




 centuries, Butrint was 780 
actually a Venetian enclave within Ottoman mainland. The area was subjected to 781 
periodical Turkish attacks and thus, land use might have experienced fluctuations 782 
during this period, until 1797 AD, when Ottomans finally occupied the city (Hodges et 783 
al., 1996). Lake Butrint was subsequently subjected to human-made modifications, 784 
intensified after the 1930s, including Bistrica River deviation and dredging of sediments 785 
from the Vivari Channel (Ariztegui et al., 2010; Peja et al., 1996). Finally, during the 786 
1960s and 1970s the Vrina Plain was drained for the extension of farming during 787 
communist times (Hansen et al., 2013). These changes, superimposed to the global 788 
temperature increase, enhancing water evaporation, decreased freshwater input and 789 
facilitated sea water input, as reflected by recent increases in Ca and Sr. Finally the 790 
intensification of farming has contributed to an increase in nutrient load and 791 
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eutrophication of lake waters, likely corresponding to recent increase in TOC, Fe/Mn 792 
and decreasing TOC/TN ratios (Figs. 4 and 8). 793 
5.3 Human - climate interactions in Butrint during historical times 794 
 Comparison of fluctuations in estimated settlement intensity in the ancient city 795 
of Butrint (Hodges, 2013; Martin, 2004) and associated sites in the Vrina Plain 796 
(Bescoby, 2013; Hounslow and Chepstow-Lusty, 2004) (Table 2), based on 797 
archaeological and historical records, with environmental changes recorded in the Lake 798 
Butrint sediment sequence (Fig. 8), enables investigation in the potential interactions 799 
between climatic changes and human activities in the region.  800 
In general, warm conditions and periods characterized by higher hydrological 801 
stability, marked by relatively low fluctuations in sedimentological and geochemical 802 
proxies (Fig. 8); coincide with maximum settlement intensities (Table 2, Fig. 8). 803 
Particularly, the interval ca. 0-800 AD is characterized by reduced salinity and increased 804 
runoff. During the late Roman Warm Period and the Early Middle Ages, when 805 
relatively warm and moist conditions prevailed in the Eastern Mediterranean, Butrint 806 
experienced the longest and a quasi-continuous period of maximum occupation, by 807 
Roman and Byzantine civilizations. The maximum intensification of farming in the 808 
Vrina Plain occurred during the economic revival of the area from ca. 400 to 550 AD 809 
(Bescoby, 2013; Hodges, 2013) (Table 2), which is probably reflected by the maximum 810 
values in the Ti/Ca ratio, indicative of clastic input (Fig. 8). This increase is not 811 
proportional to the decrease in water salinity recorded by Ca and Sr, which reinforces 812 
the hypothesis about the anthropogenic contribution to this detrital input. Consistently, 813 
the abandonment of the city and associated farms in the catchment after ca. 550 AD, 814 
likely as a consequence of the attack of the Ostrogoths in 550 AD (Hodges et al., 1996),  815 
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is recorded by an abrupt decrease in this proxy, which, however, recovered soon 816 
afterwards (Fig. 8). However, a subsequent decrease, coinciding with the decline of the 817 
city during the 7
th




 centuries, occurred. 818 
In fact, references to Butrint disappear during this period from both historical and 819 
archaeological sources (Hodges, 2013; Martin, 2004). This archaeological hiatus was 820 
not probably caused by a climatic or environmental crisis. It can be almost exclusively 821 
attributed to the attack and sack of the city by the Slavs in ca. 800 AD (Hodges et al., 822 
2009). 823 
In contrast, the re-occupation of the city of Butrint from the 10
th
 to the 13
th
 824 
century AD, (Hodges and Logue, 2007) (Table 2) occurred in a warm but more unstable 825 
period characterized by fluctuating, higher salinity and thus, a more negative water 826 
balance (Fig. 8) within the Medieval Climate Anomaly (800-1300 AD). The 827 




 centuries AD in the Vrina 828 
Plain is also reflected by an increase in Ti/Ca, contemporaneous to an increase in water 829 
salinity in the lake, reflected by highest Sr values recorded during this stage (Fig. 8). 830 
This situation demonstrates again that this increase in clastic input had an important 831 
anthropogenic contribution, and that, this period of settlement and farming expansion 832 
was not significantly favoured by stable or favorable climate conditions. It is also 833 
noteworthy that swamps expanded significantly in the distal areas of the Vrina Plain at 834 
the end of this phase of farming intensification (Bescoby et al., 2008). This 835 
environmental change might be a naturally-driven process due to the continuous 836 
progradation of the Pavllo River delta or a consequence of the adoption of different 837 
agricultural strategies resulting in an increased sediment loading of inflowing rivers that 838 
tipped the environmental balance (Bescoby, 2013). The decline in agricultural 839 
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production and food supply to the city cannot be discarded as another factor 840 
contributing to the decline of Medieval Butrint. 841 
The subsequent decline of the city of Butrint after the Venetian occupation at ca. 842 
1386 AD coincides with the onset of the Little Ice Age (1300 - 1800 AD), characterized 843 
by colder and more humid conditions and lower but highly fluctuating water salinity in 844 
the lake (Fig. 8). However, the depopulation and shift of the settlement to the Triangular 845 
Fortress (built in the 15
th
 century AD) in the Vivari Channel shore is attributed to the 846 
comparatively more important role played by the nearby colony of Corfu (Davies, 847 
2013), rather than to the deterioration of climate experienced in the area. In fact, Butrint 848 
was mostly used as a supplier of fish and timber to the island (Crowson, 2007). Thus, 849 
the role of this climatic crisis in Butrint decline is highly speculative, considering that it 850 
coincides with a period of political instability prior to Venetian occupation (13
th
 851 
century), when the city was located in an area of conflict between Byzantines, 852 
Angevines and Venetians. The same applies for the Ottoman occupation at the end of 853 
the 18
th
 century, when the ancient city was already abandoned and lower areas were 854 
covered by marshes (Bescoby, 2013; Martin, 2004), making the area an inhospitable 855 
place. 856 
6. CONCLUSIONS 857 
The sedimentary sequence of Lake Butrint has recorded the progressive isolation 858 
of this hydrological system from the Ionian Sea, from an open bay to a restricted lagoon 859 
during the last ~4500 cal yrs as a result of the complex interplay of tectonics, climate 860 
and human activities. 861 
Shallow-marine, oxic conditions represented by massive-bioturbated silts with 862 
Scaphopoda occurred until 1620 BC, when the first evidences of isolation from the sea 863 
 37 
and oxygen-depleted conditions were recorded. This transitional period terminates 864 
around 1515-1450 BC, when multiple mass wasting events lead to the accumulation of 865 
24 massive, homogeneous, up to 17 cm thick homogeneous layers. The M = 6.8 866 
earthquake recorded in Corfu after 1500 BC, responsible for a strong tsunami affecting 867 
the Greek Ionian Sea coast, might have been one of the potential trigger mechanisms for 868 
these events.  869 
The continuous progradation of the Pavllo River delta to its current location, 870 
reached between 1300 and 1600 AD, is reflected by increasing riparian vegetation. The 871 
rate of progradation was accelerated after the foundation of the city of Butrint and 872 
subsequent farming and urbanization of the Vrina Plain. These changes contributed to 873 
an increase in clastic input to the lake with a relative maximum at ca. 550 AD, 874 
coinciding with the most intense farming during Late Roman and Early Byzantine 875 
occupation.  876 
During the last millennia short-term changes in water chemistry and clastic input 877 
in Lake Butrint are mostly controlled by climate fluctuations likely driven by the NAO 878 
variability. Periods of maximum water salinity leading to increased carbonate 879 
precipitation occurred during the early RWP (500 BC-0 AD), the MCA (800-1400 AD) 880 
and during recent times (after 1800 AD), coinciding with warmer periods. The 881 
correlation with phases of increased productivity and anoxia reflects diatom activity as 882 
the main forcing for carbonate precipitation.  883 
In contrast, fresher conditions with higher clastic input and oxic conditions were 884 
recorded during the periods: 1400-500 BC, the Late Roman and Early Middle Ages (0-885 
800 AD) and during the Little Ice Age (1400-1800 AD), reaching coldest and more 886 
humid conditions at 1600-1800 AD, in agreement with Ionian Sea SST records.  887 
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A good correlation with available sequences from the Western Balkans and the 888 
western-central Mediterranean together with the anticorrelated hydrological patterns 889 
with Levantine records suggests a spatially variable influence of the NAO in the region 890 
during the last millennium. 891 
Periods of maximum settlement intensity (Roman-Late Antique and Medieval) 892 
coincide with intervals of climate stability and more positive water balances (~0-800 893 
AD) and warm stages (RWP, EMA and MCA), revealing that favourable climatic 894 
conditions facilitated agricultural expansion and economic growth in the Butrint area.  895 
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age (yr B.P.) 
Calibrated age (cal yrs 
BP) (2σ range) 
348,6 A ETH-48488 charcoal 1012 ± 26 889 ± 85 
537,2 A ETH-48489 charcoal 2233 ± 99 2314 ± 363 
614,2 A ETH-48490 charcoal 2468 ± 27 2548 ± 168 
694,9 A ETH-48491 charcoal 2791 ± 28 2878 ± 82 
755,4 A ETH-48492 charcoal 3155 ± 33 3356 ± 96 
945,1 B ETH-48493 wood 3232 ± 28 3470 ± 87 
1021,1 C ETH-48494 charcoal 3512 ± 33 3786 ± 91 
 1320 
Table 1. Radiocarbon dates used for the construction of the age model for the Lake 1321 
Butrint sequence. Dates were calibrated using Calib 6.0 software and the INTCAL13 1322 
curve (Reimer et al., 2013); and the mid-point of 95.4% (2σ probability interval) was 1323 
selected.  1324 
 1325 
  1326 
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Settlement phases Human activities and historical events Settlement 
intensity 
 
Mid- Late Bronze 
Age  
(Before 800 BC) 
 
 
- Incipient grazing, shepherding and deforestation around 
Konispol Cave (Schuldenrein, 2001) 






(800 – 600 BC) 
 





(600 – 300 BC) 
- Earliest fortifications 
- Expansion of the settlement to 8 Ha within the Acropolis 
Hill 




(300 – 100 BC) 
- 3
rd
 century BC: Expansion of the city wall to the south 
- 2
nd





(100 BC – 100 
AD) 
 
- 31 – 0 BC: Foundation of the Roman city. Duplication of 




 century AD: Construction of the aqueduct-bridge 
and expansion of the city to the Vrina Plain, with the 
development of a suburb and associated centuriated 
landscape 
- Blocking of the Vivari Channel for marine vessels. 
Harbor located seawards from the aqueduct 




(100 – 300 AD) 
 
- Increase in water supply to the city, with not significant 
urbanistic changes 





(300 – 700 AD) 
- 4
th
 century BC: Seismic event damaging parts of the city 
- Late 4
th
 – early 5th centuries AD: Breakdown of the 
aqueduct 
- Economic revival from ~400 to 550 AD 
- Early-Mid 6
th
 century AD: maximum dated findings of 
cattle remains (Powell, 2004) 
- 6
th
 century AD: addition of a circuit wall along the shore 
of the Vivari Channel and Butrint Peninsula isthmus. 
Construction of the Great Basilica 
- 7
th




(700 – 900 AD) 
- ca. 800 AD: Attack and sack of Butrint by the Slavs 
- Drastic decrease/abandonment of the city, probably 
contracted to a small castrum in the acropolis 




(900 – 1300 AD) 
- End of the 9
th
 century AD: reappearance of Butrint in both 





 centuries AD: small initial settlement 




 centuries expansion of the urban centre 
to most of fortified areas. Evidences of landscaping and 
3 
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 century AD: reconstruction of wall circuits in the 
city. Dessertion of Vrina Plain Church and community for 
increasing waterlogging. Onset of swamp conditions. 
 
Late medieval / 
Venetian 
(1300 – 1797 AD) 
- 1386 AD: Venetian occupation 
- Addition of towers to the Vivari Channel circuit 
- 15
th
 century AD: Construction of the Triangular Fortress 
- Shift of constructions towards the mouths of Vivari 
Channel and Pavllo River 
- Frequent Ottoman attacks 
- Terminal economic decline. Abandonment of most of the 




(1797 – 1912 AD) 
- 1797 AD: Ottoman conquest 





(After 1912 AD) 
- 1928-1940 AD: Italian archaeological mission 
- 1960s – 1970s AD: Drainage and intensification of 
farming in the Vrina Plain 




Table 2. Settlement phases in the ancient city of Butrint and surrounding areas with a 1328 
summary of the main human activities and historical events (modified from Martin, 1329 
(2004) and (Hodges, 2013) and an estimation of settlement intensity for each stage (1-5) 1330 
based on available archaeological information: 0, sporadic-very low; 1, permanent-low; 1331 
2, permanent-low to moderate; 3, permanent-moderate; 4, high; and 5, very high). 1332 
  1333 
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FIGURE CAPTIONS. 1334 
Figure 1. (A) Satellite image of the study area within the Central Mediterranean region; 1335 
(B) Close-up of Lake Butrint and adjacent areas; (C) bathymetric map with the location 1336 
of the coring site BUT-12 (black dot) with the surveyed seismic grid (blue lines) and 1337 
indication of the seismic profile displayed below (red line) (modified from Ariztegui et 1338 
al. (2010); and (D) W-E seismic profile with two arrows indicating steep lake basin 1339 
slopes likely related to normal faulting. 1340 
Figure 2. High resolution core images of the different sedimentary facies defined for 1341 
the Lake Butrint sequence. (A-D) laminated, including: facies 1 with different 1342 
proportions and thicknesses of yellow-calcitic, brown-organic and light-grey-clastic 1343 
laminae (A-C) and barely laminated facies 2 (D). (E-H) massive facies, comprising: 1344 
facies 3 (E), variegated facies 4 (F-G), both intercalated within laminated facies 1; and 5 1345 
(H). Scale is in cm. 1346 
Figure 3. Physical properties for the composite sequence of the Lake Butrint record. 1347 
From left to right: core image, sedimentary units and subunits, sedimentological profile 1348 
(see lithological legend below), magnetic susceptibility (MS) (SI units) at full scale 1349 
(thick red line) and at reduced scale (2 to 28 10
-5 
SI, thin orange line), density (g/cc), 1350 
colour parameters L* (greyscale), a* (green-red), b* (blue-yellow) and chronological 1351 
scale (in cal years AD/BC). Homogenites are indicated with grey shaded horizontal 1352 
bars. 1353 
Figure 4. Compositional parameters for the composite sequence of the Lake Butrint 1354 
record. From left to right: core image, sedimentary units and subunits, sedimentological 1355 
profile (see lithological legend in Fig. 2), Total Inorganic Carbon (TIC), Total Organic 1356 
Carbon (TOC), Total Nitrogen (TN), Atomic TOC/TN ratio, Biogenic Silica (Bi Si), 1357 
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mineralogical composition, including: quartz (Qtz), potassium feldspar (FdK), 1358 
phyllosilicates (Phy), calcite (Cc), high-magnesium calcite (HMC), gypsum (Gy), Halite 1359 
(Ha) and Pyrite (Py) (see legend below); reconstructed depositional environments and 1360 
chronological scale (in cal years AD/BC). 1361 
Figure 5. X-ray Fluorescence (XRF) core scanner data for the Lake Butrint record. 1362 
Element concentrations (K, Si, Ti, Fe, Mn, S, Ca and Sr) are expressed as counts per 1363 
second, and Si/Ti, Fe/Mn and Ti/Ca ratios are indicated. Core image, sedimentary units 1364 
and subunits sedimentological profile and chronological scale (in cal years AD/BC) are 1365 
also included (see legend in Fig. 2). 1366 
Figure 6. Selected Non Pollen Palynomorphs (NPPs) and pollen curves for the Lake 1367 
Butrint sequence. AP: arboreal pollen, NAP: non-arboreal pollen. Arrows in the lower 1368 
part of the figure indicate the interpretation of each taxon. Core image, sedimentary 1369 
units and subunits sedimentological profile and chronological scale (in cal years 1370 
AD/BC) are also included (see legend in Fig. 2). 1371 
Figure 7. (A) AMS calibrated radiocarbon dates (black dots with error bars) and 
137
Cs 1372 
maximum peaks of 1986 AD and 1963 AD (red dots), represented in an age vs depth 1373 
plot for the Lake Butrint sequence, with homogenites represented by horizontal grey 1374 
bars. (B) Chronological model for the event-corrected (i.e., without homogenites) depth 1375 
scale of the sequence, based on the linear interpolation of calibrated radiocarbon dates 1376 
and maximum 
137
Cs peaks. Sedimentary units and subunits are represented at the left 1377 
side of the figure. 1378 
Figure 8. Selected plots of proxy data analyzed in the Lake Butrint sequence (lower 1379 
part) with other regional and global records (upper part) for the last ~4 cal kyrs BP. In 1380 
the lower section, from bottom to top: settlement phases and estimated intensities (1-5) 1381 
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for the ancient city of Butrint, paleoenvironmental reconstruction for the different units 1382 
(A-B-C) and subunits, calibrated radiocarbon dates, homogeneous layers (H-layers) 1383 
thickness, Chenopodiaceae and Alnus pollen concentrations (%), Ti/Ca ratio, Ca (cps), 1384 
Sr (cps) and Fe/Mn ratio. A grey shaded vertical bar indicates the maximum occupation 1385 
period in Butrint city.  In the upper section: lakes Ohrid (Lacey et al., 2014) and Prespa 1386 
(Leng et al., 2013) δ18O records, Lake Dojran potassium (K) record (in cps) (Zhang et 1387 
al., 2014), Lake Nar (Dean et al., 2015; Jones et al., 2006) and Soreq Cave (Bar-1388 
Matthews et al., 2003) δ18O records. Note that records are aligned across a West (lower) 1389 
to East (upper) gradient. At the uppermost part of the record, reconstruction of NAO 1390 
index carried out by Olsen et al. (2012) and Global Temperature (T) reconstructed 1391 
anomalies (Marcott et al., 2013) and main Late Holocene climatic stages (Little Ice Age 1392 
(LIA), Medieval Climate Anomaly (MCA), Early Middle Ages (EMA), Roman Warm 1393 
Period (RWP)  and Subatlantic/Sub-boreal periods). Vertical dotted lines represent 1394 
temporal subdivisions used in the Discussion section. 1395 
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age (yr B.P.) 
Calibrated age (cal yrs 
BP) (2σ range) 
348,6 A ETH-48488 charcoal 1012 ± 26 889 ± 85 
537,2 A ETH-48489 charcoal 2233 ± 99 2314 ± 363 
614,2 A ETH-48490 charcoal 2468 ± 27 2548 ± 168 
694,9 A ETH-48491 charcoal 2791 ± 28 2878 ± 82 
755,4 A ETH-48492 charcoal 3155 ± 33 3356 ± 96 
945,1 B ETH-48493 wood 3232 ± 28 3470 ± 87 
1021,1 C ETH-48494 charcoal 3512 ± 33 3786 ± 91 
 
Table 1. Radiocarbon dates used for the construction of the age model for the Lake 
Butrint sequence. Dates were calibrated using Calib 6.0 software and the INTCAL13 




Settlement phases Human activities and historical events Settlement 
intensity 
 
Mid- Late Bronze 
Age  
(Before 800 BC) 
 
 
- Incipient grazing, shepherding and deforestation around 
Konispol Cave (Schuldenrein, 2001) 






(800 – 600 BC) 
 





(600 – 300 BC) 
- Earliest fortifications 
- Expansion of the settlement to 8 Ha within the Acropolis 
Hill 




(300 – 100 BC) 
- 3
rd
 century BC: Expansion of the city wall to the south 
- 2
nd





(100 BC – 100 
AD) 
 
- 31 – 0 BC: Foundation of the Roman city. Duplication of 




 century AD: Construction of the aqueduct-bridge 
and expansion of the city to the Vrina Plain, with the 
development of a suburb and associated centuriated 
landscape 
- Blocking of the Vivari Channel for marine vessels. 
Harbor located seawards from the aqueduct 




(100 – 300 AD) 
 
- Increase in water supply to the city, with not significant 
urbanistic changes 





(300 – 700 AD) 
- 4
th
 century BC: Seismic event damaging parts of the city 
- Late 4
th
 – early 5th centuries AD: Breakdown of the 
aqueduct 
- Economic revival from ~400 to 550 AD 
- Early-Mid 6
th
 century AD: maximum dated findings of 
cattle remains (Powell, 2004) 
- 6
th
 century AD: addition of a circuit wall along the shore 
of the Vivari Channel and Butrint Peninsula isthmus. 
Construction of the Great Basilica 
- 7
th




(700 – 900 AD) 
- ca. 800 AD: Attack and sack of Butrint by the Slavs 
- Drastic decrease/abandonment of the city, probably 
contracted to a small castrum in the acropolis 




(900 – 1300 AD) 
- End of the 9
th
 century AD: reappearance of Butrint in both 





 centuries AD: small initial settlement 




 centuries expansion of the urban centre 
to most of fortified areas. Evidences of landscaping and 
3 
Table 2




 century AD: reconstruction of wall circuits in the 
city. Dessertion of Vrina Plain Church and community for 
increasing waterlogging. Onset of swamp conditions. 
 
Late medieval / 
Venetian 
(1300 – 1797 AD) 
- 1386 AD: Venetian occupation 
- Addition of towers to the Vivari Channel circuit 
- 15
th
 century AD: Construction of the Triangular Fortress 
- Shift of constructions towards the mouths of Vivari 
Channel and Pavllo River 
- Frequent Ottoman attacks 
- Terminal economic decline. Abandonment of most of the 




(1797 – 1912 AD) 
- 1797 AD: Ottoman conquest 





(After 1912 AD) 
- 1928-1940 AD: Italian archaeological mission 
- 1960s – 1970s AD: Drainage and intensification of 
farming in the Vrina Plain 




Table 2. Settlement phases in the ancient city of Butrint and surrounding areas with a 
summary of the main human activities and historical events (modified from Martin, 
(2004) and (Hodges, 2013) and an estimation of settlement intensity for each stage (1-5) 
based on available archaeological information: 0, sporadic-very low; 1, permanent-low; 
2, permanent-low to moderate; 3, permanent-moderate; 4, high; and 5, very high). 
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Figure 8
HIGHLIGHTS 
 Reconstruction of Late Holocene environmental changes in the Central 
Mediterranean  
 Tectonics, climate and human activities controlled Lake Butrint recent evolution 
 Maximum human settlement intensity coincides with moister and more stable 
climate 
 Short-term hydrological changes controlled by NAO-driven climate variability 
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